A nitrogen-fixing marine bacterium, designated strain Gal22 T , was isolated from mangrove roots of Rhizophora mangle. Cells were Gram-stain-negative rods, motile with a single polar flagellum. Growth was observed at 4-42 6C, pH 5.5 to 10 and with 0-18 % (w/v) NaCl. Strain Gal22 T was positive for catalase and oxidase. Q-8 was the predominant lipoquinone. The DNA G+C content was 57.0 mol%. Based on phylogenetic analysis of 16S rRNA gene, strain Gal22 T belongs to the genus Marinobacterium. The closely related strains were shown to be Marinobacterium lutimaris DSM 22012 T and Marinobacterium litorale IMCC1877 T with 99 % and 96 % 16S rRNA gene sequence similarity, respectively. DNA-DNA relatedness analysis indicated that strain Gal22 T was different from M. lutimaris DSM 22012 T . On the basis of genotypic, morphological and biochemical characteristics, a novel species, Marinobacterium mangrovicola sp. nov. (type strain, Gal22 T 5DSM 27697 T 5CIP 110653 T ), is proposed. Abbreviations: ARA, acetylene reduction assay; PHB, poly-b-hydroxybutyrate; PSU, practical salinity unit.
The word mangrove refers to a characteristic group of trees and shrubs usually found in coastal and depositional environments of rivers and estuaries (Tomlinson, 1986) . Mangrove ecosystems are widely recognized for (a) being highly productive systems, playing an important role in the sequestration of atmospheric CO 2 (Donato et al., 2011) , (b) acting as a barrier for sediments, providing coastal protection to erosion and natural disasters, and (c) sustaining a high biodiversity and acting as a nursery ground for many economically important species (Aburto-Oropeza et al., 2008; Duke et al., 2007) . Not so broadly recognized are the very important remineralization processes that occur in mangrove ecosystems. A variety of microorganisms that reside on mangrove sediments and rhizosphere, such as denitrifiers and nitrogen fixers, are involved in these remineralization processes controlling the chemical environment of such ecosystems (Reef et al., 2010) .
Nitrogen-fixing bacteria inhabiting mangroves play an important role in nutrient transformation. High rates of nitrogen fixation have been found in these ecosystems (Holguin et al., 2001; Lee & Joye, 2006) ; in addition, some nitrogen fixers are able to interact with mangrove roots making nitrogen available for plants (Bashan et al., 1998) . Although, nitrogen fixation is a very important process in mangrove ecosystems, very little is known about these micro-organisms and their colonization strategies or their physiological impacts on mangrove plants. In the course of investigations into the role of diazotrophs that inhabit mangrove sediments and roots, a novel nitrogen-fixing bacterium, strain Gal22 T , was isolated from roots of a mangrove plant.
Nitrogen fixation rates have not been reported within the genus Marinobacterium. This genus belongs to the class Gammaproteobacteria and at the time of writing comprises 12 species isolated from different marine environments such as a salt marsh on the coast of Georgia (González et al., 1997) , sea water of Hawaii (Baumann et al., 1983; Bowditch et al., 1984; Satomi et al., 2002) , tidal flats of Korea (Chang et al., 2007; Kim et al., 2010) , surface water of the Yellow Sea (Kim et al., 2007 (Kim et al., , 2009a , rhizosphere of a coastal plant (Suaeda japonica) in Korea (Kim et al., 2008) , marine sediment of the East China Sea (Huo et al., 2009) , Arctic marine sediment (Kim et al., 2009b) and mucus of a reefbuilder coral from Brazil (Chimetto et al., 2011) .
Strain Gal22 T was isolated from mangrove roots of Rhizophora mangle, cultivated in an aquarium (in vitro mangrove ecosystem). The in vitro ecosystem consisted of mangrove seedlings grown in pots containing autoclaved sand (Carl Roth) mixed with 1/10 volume of sand coming from a natural mangrove ecosystem (mangrove mud special, Marek Mangroven). The pots were kept in an aquarium filled with marine water (marine salt mixture; IP: 54.70.40.11
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Tropic Marine, Dr Biener Aquarientechnik). The salinity and temperature of the marine water were 30 PSU (practical salinity unit) and 25-28 u C. The mangroves were exposed to 12 h light : 12 h dark photoperiod. Root material from seedlings of R. mangle was cut into 3 cm segments and serially rinsed in sterile marine water. Root tissues were homogenized with a mortar and pestle in 50 ml nitrogen-free HGB medium [g l 21 : 20 NaCl, 3 MgSO 4 . 7H 2 O, 0.02 CaCl, 5 DL-malic acid, 3 NaOH, 10 ml trace elements solution (for 500 ml: 0.5 g FeCl 3 , 0.1 g NaMoO 4 . 2H 2 O, 0.105 g MnSO 4 , 0.14 g H 3 BO 4 , 1.4 mg CuCl . 2H 2 O, 12 mg ZnSO 4 ), 100 ml of 0.39 M PBS (added separately to the medium after autoclaving), pH 7.2] (Holguin et al., 1992) . The homogenized tissues were subjected to serial dilution. One millilitre of the most diluted samples was used for inoculation of 9 ml nitrogenfree HGB medium supplemented with 0.3 % agar (semisolid). Samples were incubated under microaerophilic conditions at 28 uC for 5 days. After incubation, colonies were picked using a sterile Pasteur pipette and streaked on HGB plates supplemented with 0.1 % yeast extract. Strain Gal22 T was further purified and stored at 280 uC in HGB medium with 15 % (v/v) glycerol.
Colony morphology analysis of Gal22 T and the closely related strains Marinobacterium lutimaris DSM 22012 T and Marinobacterium litorale DSM 23545 T (obtained from Leibniz-Institute DSMZ -Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) were carried out on marine agar after 24 h. Gram staining, cell motility and morphology were examined by phasecontrast microscopy (Axiostar plus, Zeiss) and transmission electron microscopy (EM900, Zeiss). Liquid HGB medium supplemented with 0.1 % yeast extract was used for determination of growth at different temperatures (5-45 u C) and pH. The pH range was adjusted by adding NaOH or HCl to the media. Different buffers were used to keep the pH constant: 50 mM MES (pH 5-6.5), HEPES (pH 7-8), Tris (pH 8.5-9) or CAPS (pH 9.5-11). Liquid HGB medium and modified artificial seawater [l 21 : 0.15 g CaCl 2 , 0.2 g KB, 0.75 g KCl, 1 g MgCl 2 . 6H 2 O, 4.93 g MgSO 4 . 7H 2 O, pH 7.2] (Seymour et al., 2008) supplemented with 2.5 g peptone and 1 g yeast extract were used to determine NaCl tolerance. The range of NaCl tolerance or requirement was determined by adding 0-20 % (w/v) NaCl, at 0.5 % intervals, to the media. The salinity in both media was 10 PSU, without the addition of NaCl.
Nitrogen fixation was confirmed by the acetylene reduction assay (ARA). Cells were incubated at 30 u C, 200 r.p.m. in 1 l Erlenmeyer flasks with 60 ml N-free HGB medium. The flasks were sealed with rubber septa, and the headspace was adjusted to 1 % O 2 and 5 % acetylene. Ethylene production was measured in a gas chromatograph equipped with a Porapak N 80/100 mesh-size column and a hydrogen flameionization detector. Additionally, the nifH gene sequence encoding nitrogenase reductase was amplified by PCR. The primers nif-F1 and nif-R1 used to amplify the nifH gene of strains Gal22 T and DSM 22012 T were designed using the nifH gene sequence from a genomic library of strain Gal22 T . The PCR was carried out in a final volume of 50 ml containing 1 pmol of primers nif-F1 (AATCTACGGAAAA-GGCGGCA) and nif-R1 (GCGTCTTCCTCGTCCATGAT), 16 ThermoPol reaction buffer (New England BioLabs), 0.2 mM dNTPs (Thermo scientific), 1.25 U Vent DNA polymerase (New England BioLabs) and DNA template (obtained via colony PCR). The thermal programme consisted of 2 min at 94 u C for initial denaturation, 30 cycles of 15 s at 94 u C for denaturation, 30 s at 59 u C for annealing and 40 s at 72 u C for extension; 7 min at 72 u C was used for a final extension. The PCR product was then sequenced.
Biochemical characteristics such as carbon utilization and enzyme activity were determined with the GN2 microplate system (Biolog), API 20 NE (bioMérieux) and API ZYM strips (bioMérieux) with artificial seawater (Kim et al., 2007) and according to the manufacturers' instructions. The reference strains M. lutimaris DSM 22012 T and M. litorale DSM 23545 T were included in the analysis.
Susceptibility to the following antibiotics was tested by the agar diffusion assay (Jorgensen & Turnidge, 2007) : ampicillin (10 mg), tetracycline (30 mg), gentamicin (30 mg), chloramphenicol (25 mg), streptomycin (10 mg), erythromycin (15 mg) and kanamycin (30 mg). Catalase activity was tested in fresh cells by the addition of 3 % hydrogen peroxide. Oxidase activity was determined by using 1 % (w/v) N,N,N9,N9-tetramethyl-p-phenylenediamine dihydrochloride (Sigma-Aldrich) (Kovacs, 1956) . Poly-b-hydroxybutyrate (PHB) granules were verified using Nile blue A staining (Ostle & Holt, 1982) . Stained cells were visualized using an Axioplan 2 fluorescence microscope (Carl Zeiss).
Determination of the G+C content of the genomic DNA, quinones and fatty acids of strain Gal22 T was carried out by the Leibniz-Institute DSMZ (Braunschweig, Germany). Analysis of the G+C content of genomic DNA was conducted as described by Cashion et al. (1977) , Mesbah et al. (1989) and Tamaoka & Komagata (1984) . Respiratory lipoquinones were extracted and analysed using the method described by Tindall (1990a, b) . Fatty acids were obtained from 30 mg freeze-dried cells by saponification, methylation and extraction according to the protocols of Kuykendall et al. (1988) and Miller (1982) , with minor modifications of the method. Separation and analysis were performed by using the Sherlock Microbial Identification System (MIS) (MIDI).
For phylogenetic analysis, genomic DNA was prepared by boiling 1 colony at 95 u C for 10 min in 15 ml nuclease-free water. The cell lysates were centrifuged and 1 ml of the supernatant containing the genomic DNA was used to PCR amplify the 16S rRNA gene. PCR of this gene was carried out using the 16S rRNA universal primers (59-AGAGTTT-GATCCTGGCTCAG-39 and 59-TACGGYTACCTTGTTA-CGACTT-39). The amplification product was sequenced on an ABI377 sequencer instrument according to the manufacturer's recommendation (Applied Biosystems). The 16S rRNA sequence was analysed with the ARB software (Ludwig et al., 2004) and the Living Tree Project database provided the reference alignment (Yarza et al., 2008) . The neighbourjoining, maximum-likelihood and maximum-parsimony methods were used to reconstruct the phylogenetic trees.
DNA-DNA hybridization was performed in duplicate by the Leibniz-Institute DSMZ. Hybridization was carried out with the strains that share .97 % 16S rRNA gene sequence similarity (Stackebrandt & Goebel, 1994; Tindall et al., 2010) , in this case only with M. lutimaris DSM 22012 T . The DNA was purified as described by Cashion et al. (1977) and the hybridization was conducted as described by De Ley et al. (1970) and Huss et al. (1983) .
Cells of isolate Gal22 T were Gram-stain-negative rods (approx. 1.5-2 mm long and 0.7-0.85 mm wide) with a single polar flagellum (Fig. 1) . Colonies were convex, circular, cream-coloured and larger in size (1 mm) than those of M. lutimaris DSM 22012 T (0.8 mm) and M. litorale DSM 23545 T (0.3 mm). Growth of isolate Gal22 T was observed from 4 uC to 42 uC, but not at temperatures above 42 uC. The optimal growth temperature was 28-37 u C. Strain Gal22 T grew within the range pH 5.5 to 10, (optimal growth from pH 6.5 to 8) and in the presence of 0-18 % (w/v) NaCl (optimal from 1 to 4 %). Growth with 18 % (w/v) NaCl was observed after 7 days of incubation. The high salinity tolerance shown by this bacterium could be an adaptation to the environment it inhabits. In mangrove ecosystems, salinity concentrations can increase on the sediments due to changes in the tides and evaporation . Strain Gal22 T grows at a higher salinity than M. lutimaris DSM 22012 T and M. litorale DSM 23545 T , 15 % and 14 % (w/v) NaCl respectively. However, Kim et al. (2010) and Kim et al. (2007) reported lower salinity tolerance for M. lutimaris DSM 22012 T and M. litorale DSM 23545 T , respectively. This contradiction might be due to time of incubation.
The presence of the nifH gene together with the ARA test ( Fig. S1 , available in the online Supplementary Material) , confirmed the ability of strain Gal22 T to fix atmospheric nitrogen. The nifH sequence was compared with sequences from the two closely related strains. Strain Gal22 T shared 93 % and 90 % nifH gene sequence similarity with M. lutimaris DSM 22012 T (GenBank accession number KJ021873) and M. litorale DSM 23545 T (GenBank accession number AUAZ01000022, G403DRAFT_scaffold00021.21_C), respectively. The phenotypic characteristics that differentiate Gal22 T from other species of the genus Marinobacterium are Kim et al. (2010) . DData from Kim et al. (2007) . dNegative according to Kim et al. (2010) and Kim et al. (2007) . §Positive according to Kim et al. (2010) .
listed in Table 1 . Gal22 T was susceptible to tetracycline, gentamicin, chloramphenicol, streptomycin, erythromycin and kanamycin, but resistant to ampicillin. The production of PHB was positive (Fig. S2 ). Oxidase and catalase activities were positive. The G+C content of genomic DNA was 57.0 mol%. The major quinone was Q-8, which is in accordance with that of other species of the genus Marinobacterium. The predominant fatty acids of strain Gal22 T were C 18 : 1 v7c, C 16 : 0 , summed feature 3 and C 17 : 0 cyclo, whereas the latter fatty acid was not present in the closely related strain M. litorale DSM 23545 T (Table S1 ). Since unsaturated fatty acids help to preserve membrane fluidity under NaCl stress (Zhou et al., 2013) , the high percentage of C 18 : 1 v7c found in strains Gal22 T , DSM 22012 T and DSM 23545 T (Table S1) could be playing a role in NaCl tolerance.
Phylogenetic analysis based on 16S rRNA gene sequences indicated that strain Gal22 T is affiliated to the genus Marinobacterium. Strain Gal22 T showed a coherent cluster with the closest related strains, M. lutimaris AN9 T (99 % pairwise sequence similarity) and M. litorale IMCC1877 T (96 % pairwise sequence similarity). Gal22 T showed ,97 % sequence similarity to other described species within the genus Marinobacterium. Neighbour-joining and maximumlikelihood trees showed a similar overall topology as that of the maximum-parsimony tree (Fig. 2) . Cells are Gram-stain-negative, rods (1.5-2 mm long) and motile. Colonies on MB are of 1 mm size, cream-coloured, convex and with a smooth edge. Growth occurs within the range pH 5.5 to 10, (optimal at pH 6.5-8). Temperature and NaCl concentration ranges for growth are 4-42 u C and 0-18 % (w/v), with optima at 28-37 u C and 1-4 % NaCl. Capable of nitrogen fixation under microaerophilic conditions. Positive for the following substrates of Biolog GN2 microplates: glycogen, methyl pyruvate, monomethyl succinate, acetic acid, cis-aconitic acid, citric acid, formic acid, b-hydroxybutyric acid, a-ketoglutaric acid, DL-lactic acid, malonic acid, propionic acid, quinic acid, succinic acid, bromosuccinic acid, succinamic acid, L-alaninamide, D-and L-alanine, L-asparagine, L-glutamic acid, L-proline, L-serine and putrescine. Tween 40, L-aspartic acid, Lpyroglutamic acid, and c-aminobutyric acid are utilized weakly. The following enzymic activities are present: alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase and acid phosphatase. Weakly positive enzyme activity for valine arylamidase and naphthol-AS-BI-phosphohydrolase. Weakly positive for the reduction of nitrates to nitrites. Positive for urease activity, and malate and trisodium citrate assimilation. Indole production, glucose fermentation, b-glucuronidase, b-galactosidase, arginine dihydrolase, and aesculin and gelatin hydrolysis are negative. Oxidase-and catalase-positive. Q-8 is the major lipoquinone. The fatty acids comprising .5 % of the total are C 18 : 1 v7c, C 16 : 0 , C 17 : 0 cyclo and summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH).
The type strain Gal22 T (5DSM 27697 T 5CIP 110653 T ) was isolated from mangrove roots of Rhizophora mangle. The DNA G+C content of the type strain is 57.0 mol%. Marinobacter algicola DG893 T (AY258110) Marinobacter adhaerens HP15 T (AY241552) Marinobacterium rhizophilum CL-YJ9 T (EF192391)
Marinobacterium nitratireducens CN44 T (EU573965) Marinobacterium marisflavi IMCC4074 T (EF468717) Marinobacterium litorale IMCC1877 T (DQ917760)
Marinobacterium lutimaris AN9 T (FJ230839)
Marinobacterium jannaschii NBRC 15466 T (AB006765) Marinobacterium halophilum mano11 T (AY563030)
Marinobacterium stanieri ATCC 27130 T (AB021367)
Marinobacterium georgiense KW-40 T (U58339)
Marinobacterium mangrovicola Gal22 T (KJ021872)
Marinobacterium coralli R-40509 T (GU183820) Marinobacterium maritimum AR11 T (EU399548)
Pseudomonas psychrophila E-3 T (AB041885)
Pseudomonas putida IAM 1236 T (D84020) 
